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Abstract

in a time-varying signal-to-noise ratio (t$’Nil) cnvironmcni,  symbol rate is oj-
kn changed 10 maximize data return. IIow( ver, the symbol-rate change has some
undesirable cfjects  such as changing the t rcll) smission  ho ndwic]t  h and perhaps caus-
ing the receiver symbol loop to 10SC lock temporarily, thus losing some data. In
this article, we are proposing an alternate way of varyirlg the data rate without
changing the symbol rate and therejore tlw transmissiotl  kndwidth. 7’}Lc data rate
change  is achieved in a seamless fashion by ]Iuncturing the convolutionally  encodecl
symbol stream to adapt  to the changing S’Nli cnviroltmeflt.  We have also derived
an exact expression to enumerate tl~c number  oj unique puncturing patterns. 70
demonstrate this seamless rate-change capability, we searched  for good puncturing
patterns jor the Galileo (1~, l/~) convoluiiotlal  cod< and c}langed  the data rates by
using the punctured codes to match the Galileo SNll projile  oj November 9, 1997.
Mrc shouj  that this scheme reduces the symbol-rate changes jrorn 9 to 2 and provides
a larger data return in a day and a higher symbol SNll during most  OJ the day.

1 Introduction

In deep-space communications and other s])acc cc)~nIllu]licatio]]s, the signal-to-noise

ratio (SNlt) varies during a day. ‘1’IIc degree of variatio~] is dcterlnincd  by weather

conditions, a,ntcnna c]cvation  angle, antenna pointing accuracy (both tl]c  transmitter and

reccivcr  antennas), changes in satellite ]atitudr,  and ma]ly  other factors. I’or example,

the total  signal-power-to-noise-density ratio (l~/NO) duriIlg  a typical 24-hour pass of the
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Gali]co Mission can fluctuate in a rarlgc  bctwccll  16 and 22 d}l-]lz.  III order to maximize

tllc data rctunl  in this tilnc-varying  SN1t environment, tflle transmitted symbol rate is

va r i ed  as a function of the est imated Pt/lVo at the ar)tclllla. ‘I)he symbol  rate is set

as high as possib]c  under the constraint that the symbol SNI{ is high enough for the

tracking loops to remain in lock and that the bit-error-rate (llltlt)  rcquirclncnt  is met.

1]) tllc Galileo Mission, there arc six differcni symbol rates, a]]d there can bc as many as

eight sy]nbo]  rate changes (fro]n  10 to 640 sylllbols/sccolld)  during a day. One proble]n

associated with the symbol-rate change at low opcratil)g  sy]nbo]  SNR is that the symbol

syllchro~liza,tion  loop may have to reacquire the syn)bo]  p]lasc,  which may cause real-

time data loss. A tcchniquc  that involves opening the sylt-lbo]  loop at the moment of

the sy~nbol-rate change has been proposed 1, but this tccll~liquc  requires very accurate

tilnc  predicts on the momcmt  of change. lt is IIOt clear if tllc lncdict  i]lformation  can be

obtained within  the required accuracy.

IU this article, wc arc proposing a silnp]c  and low-cost alternative solution to the

data-rate change problc]n  by changil]g  the data rate at tile error-correcting coding stage

rat]lcr than at tllc trans]nission  s t a g e . ‘1’hc data rate is c.ha]]ged  by puncturing tl]c  low

rate cmlvolutio~]al  code while the symbol rate is kept constaIlt.  III tl]is  way, the basic

structures of the cncodcr  and decoder remain unchanged making the schcmc simple and

less costly. ‘1’IIc idea is to minimize tllc ]Iu]nbc] of syn)bo]  rate changes and still mainiain

a nigh enough symbol SNR for the loops to lcmain ill lock and t}le  131’Xt to stay low.

Sylnbo]  rate is changed only if the symbol SNlt goes too high (wasting bit SNlt) or too

low (making t,hc rcccivcr  unable to track the symbols).

IIy allowing the code rate change, we arc (:ssentia]ly  adding a dcgrcc of freedom in

the data-return maximization problem. ‘l’he code rate will share a part of the ncccssary

data-rate changes with tllc symbol rate, therefore reducing the Jlumbcr of symbol rate

changes. ‘l)his  feature becomes even lnore  important W1lCII the available bandwidth is

fixed.

] J. lkrncr,  “GI,L l)ata  Rate Changes”, Notes, June 11, 1993. (Jet ]’repulsion laboratory, Pasadena,
(3A, lntcrnal Document)



,,. ,,,. . .,’

Seamless l~ata ltatc Change  by F’eria al ~ d Chcu  ng 3

in Section 2, we will present the definition and an overview of puncturing patterns.

in Section 3, wc will discuss our proccdurc  for selecting good puncturing patterns. in

Section 4, wc will provide an example of using the punctured convolutional code for the

SNll profile of the Galileo Mission on November 9, 1997, which is an arbitrarily chosen

day. in Section 5, wc will give some concluding, remarks.

2 Definition and Enumeration of Puncturing
Patterns

2.1 Definition of Puncturing Patterns

A regular rate 1 /lV convolutional code generates N code syI]IIJols  per bit. IIy  periodically

and systcnnatically  refraining from transmission of so]ne  of the code symbols, a higher

rate code can  be constructed from an original lower rate 1 /lV code. l,ct the period be 1,

bits or lV1. code symbols. WC define a puncturing patter]]  1’ of period NJ, symbols to be

all IVl, binary  tuplc  where a 1 denotes that the symbol ill tllc ccnrcsponding  location is to

be sent,  and a O denotes that the symlml  is to be dclctcd.  If tllcrc arc 7n zeros  in }’, the

resulting punctured code is a higher rate J,/(lVl, -nz) code, where O s m < (N– 1 )L. For

cxalnp]c,  let N = 4 and 1, == 4, and onc puncturing paitcrn  is }’ = {0111 11101011 1101}.

We define the rightmost digit to correspond to the first syl]lbo]  and the rightmost group

of four digits to correspond to t}lc foul symbols of the fimt bit. ‘1’hc puncturing pattern,

1’, indicates that the sccolld  symbol i)) the first bit, the third symbol in the second bit,

the first symbol in the third bit, and the fourth symbol  in the fourth bit in a period arc

not transmitted. ‘1’hc resulting punctured code is a rate 4/(4 x 4 – 4) = 1/3 code. With

the leftmost digit being the most significant ljit  and the rightmost digit being the least

significant bit, the puncturing pattern 1’ can bc rcpreselltcd  as d6c7 in hcxaclccima]  form.

2.2 Enumeration of Puncturing Patterns

in this section, wc develop an exact expression to enulncratc  the number of unique

puncturing patterns.
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( )C l e a r l y ,  there are ~ different  possible paiterns  for l). Since 1’ is periodic

IV]. symbols, any cyclic shift of IV sy)nbols  ill 1) gives the same code performance

4

in

as

1’. IIowcvcr,  this does not reduce the number of pattel I)S that give a distinct code

performance by a factor of lV, as some of the (~~) patter]  Is ]nay  have a smaller period

I/i. ‘l’hat is, I,i divides 1,, which is denoted by I,i \ 1,. l,d, J(l,i) dc]lote  the number of

puncturing patterns with period I.i exactly (including 1). Notice that j“(l.i) = O if the m

zeros  cannot bc mwnly  divided among #i partil  ions (i. e., ; / m). Also among the (~)
1>

patterns  with period 1,;, some may have smaller periods. l,ct p be a prime that divides
~

( , )I/i (not  including 1,). If p[~, then there are & pattcr]ls  of JJ with period ~. ‘l’he

total number of distinct puncturing patterns is t~crcforc

where ~(l,i) can bc enumerated as follows:

j’(1.i) =  (~j) ‘-  ~ (N)”.,
()Notice that wc define the combinatorics function ~ = O if either rn or n is not an integer.

in the above example with N = 4, 1, = 4, and m == 4, an exhaustive search requires

( )checking ~ = 1820 puncturing patterns. l]y taking into account the cyclic property of

the puncturing patterns, the nulnber  of unique puncturing pattcms is now rcduccd  to

w)-c)l+wo]+ C)=464
wl]ich  is a reduction by almost a factor of 4.

S Puncturing Pattern Search Procedure

in this section wc dcscribc  the search proccdurc  that wc used to find good punctur-

ing patterns for a rate 1/N convolutional code,  Using this procedure, wc scarchcd  for

punctured codes for a low-rate convolutional code, tllc (14,1 /4) code used for Galileo.
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W C punciurcd  it from rate 1/4 to rate 1/3, then to rate 1 /2. A rate compatibility [1]

restriction is added in the puncturing pattcnl  scarcll. ‘J1hat  is, a code bit used in the

hig]l-rate code is also used in the ]ow-rate code. 1“0] cxanlp]c,  to search for a rate] /2

punctured code, wc puncture the rate-1/3 CO(IC foul]d  a stcl)  before, not the rate-l/4

code. ‘J’his  was ncccssary  mainly because of lilnitcd  comljuting  rcsourccs.

I+’or  cacll puucturcd  code rate, the goal is to find the puncturing pattern 1) that gives

the lowest l]l;li at that rate for a range of SN 1{ va]ucs.  IIircc.t  silnulation  of the punctured

convolutional code is not viable since there al c so many different pu]lcturing  patterns.

As a first step to select the puncturing pattcrj  Is, wc used IIIC resulting weight profile of

the punctured code that inc]udcs the maximulll  free distance, d~,~,, the number of paths

of weight  d, ad, and the information bit error Wcig}lt  cd as ~ritcria.  To furtllcr  sirn PlifY

our search wc only scarchcd  for paths of wcigllt  d such that d~,~~ < d < I&, where d.~t

is some prc-dctcrmi])cd value that is large enough to infer the code’s llIHt pcrformaucc

al]d small enough to complctc the search in a reasonable time. Note that there arc 1.

different starting points for diverging l)at}ls, where 1, is t}lc  period of the puncturing

pa,ttcrns.  ‘1’hc worst case is considcrccl  in com])aring the puncturing patterns.

A systematic search is carried out to find the patterns with the maximum free distance

and the minimum number of paths of weight d for Vitcrbi decoding. ‘1’hrcc patterns with

the largest free distance and smallest number of paths  of wcig]lt  d arc then simulated to

obtain a IIIJR curve. ‘1’hc resulting l]FHLs arc Ilscd further to compute the IIEILs for the

concatenated codes of convolutional code as tllc inner code alld the Reed-Solomon (RS)

(255,223) code as the outer code assunling  infinite interleaving.

Once wc have the points of E6/lVC, versus I) Eli of the concatenated code, we fit a

curve through these points. ‘1’hcsc curves arc used to dctcrlnine  the BER for a given

SN1l  profile of the Galileo Mission. When the HER is lCSS than 10-7, wc dctcrminc  that

the code rate can bc used in that time period.

Note that the (14,1/4) Galileo code is used here only

possibility of using punctured codes, lJ1 fact, the (14,1 /4)

to demonstrate the alternative

code is composed of a (1 1,1 /2)
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l’igum  1: Upper bounds on free distance for punctured codes fro]n  (14,1 /4) code.

convolutional code and the NASA standard (7,1 /2) code. ‘J’IIc NASA standard (7,1 /2)

code was ILcccssary bccausc  the hardware cncodcr  on the spacecraft cannot be altered or

bypassed.

3.1 Upper Bound on Free I)istance

IIcforc searching for tl~c maximum free disl anccs, wc cmnpute  LI)C upper bounds of

the free distances to scc the effect of the puncturing period 011 the free-distance bound

of the punctured codes. ‘1’he upper bounds  on the free distances for convolutional codes

call bc computed using expressions given in [2]. Fig. 1 shows some of the bounds on the

free distances for codes punctured from code (1 4,1/4) with the minilnum  period froln  1

to 8. IIy  minimuln period wc mean that  the pc] iod 4 dots not il]cludc  period 1 or 2. ‘J’hc

results show that a shorter puncturing period gives a llighcr  upper bound on the free

distance, but the shorter puncturing period provides a smaller set of possible code rates.
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3.2 Weight Spectra of Punctured Codes

‘1’hc parent code in this case has tl]c  following polynoll)ials:  2c22, 3d7cZ, 2bcd, and

ldd3.  l’irst,  wc search for punctured codes frol)~ (14,1 /4) to (14,1 /3) and find the weight

spectra corresponding to all different punctured patterns. ‘1’hc period in this case is 4,

which corresponds to 464 diflercnt  puncturing IJattcrns.  WC then sort the weight spectra

in the ascending order according the number of paths of weight d, Ud. Finally, wc pick

the best three patterns and their weight spcctl a arc shown in ‘J’able 1. According to the

wcighi spectra, tllc best pattern is MMM.  ‘1’his  implies that the puncturing pattern has

period 1, and the third symbol is pullcturcd  out cvmy ti]nc. ‘J’his  corresponds to the

(14,1 /3) code with polynomials: 2c22, 3d7d, and ldd3.

‘J’O furtl]cr puncture the code to rate 1 /2, wc usc the l.)cst  1/3 code found earlier as

the parent code. q’he following patterns arc found to bc the ljcst:  3636, 3535, “and 3333

in octal numbers. ‘]’hc weight spectra of the three best puncturing patterns arc shown

in ‘1’able 2.

Note that when searching for puncturing patterns with period 4, those patterns with

period 1 and 2 arc incluc]cd.

‘l’able 1
Wcidlt St~cctra  of }’unctu~~(~o~~~~l  4.1 /3) l’rom  (14,1 /4) Mother Code 1“1 \ ,,/ \ .,,—————— — . .  — . .

pattern

‘‘ %%Ei.. ::

d 23 24 25 26 2~ 28 ;49 30 ‘~1-- 32 33 34 35
Wbb ad o 4 64F14 22 48 33-- ”” - 130 237 389 638
bdbd ad 1 1 3 8 IT 21 27 54– 68 137 225 400 652
Wd ad 1 5 5 5 13 16- 38 ‘-”54 ’101 ““-146 288 481 800
Mbb cd o 14 ’18 18 55 72 122 322 ’64~ ‘-” 920 1853 3134 5530
bdbd cd 1 3

-— --
9 35 (i~ 121 139 320 ‘4~~-- “’ 938 1699 3150 5368

bbbd cd 5 14 ~9 24 ‘ f~ 91 %0 347’724 ““’I 080 2313 4067 7068
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I’able 2
Weight Spectra of”~’unctured  Codes (1 4,1 /2) Froln  (1 4,1 /3) Mother Code

~m;:l+:FR%s-:;= 4;: 11;:

%

5464 13234
0 16679

52967 5525

~ 7- H:EE’2:I:E3535 a; 0 2 8

3 3 3 3 ad o 3
3636 cd 5 20 70 146 354 1144 2914 7780 20229
3535 cd o 9 37 53 251 550 1298 3370 9353 25245
3333 cd o 9

I

3.3 BER of Punctured Convolutional Code from Simulation

‘1’hc weight,-spcct,ra search is only the first St q) in t hc code ]Juncturing  pattern search.

‘1’o further compare tl]cir pcrformancc, t hc punctured eodcs  arc simulated with an c~]codcr

a]ld t,hc Vitcrbi dccodcr  for several bit- SNIL \alucs. ‘J’he traccback ]cngth used in the

Vitcrbi dccodcr  in this case is at least 160 and the input soft symbols arc quantized

with 8 bits. ‘1’hc simulated results arc shown in q’ablcs 3 and 4. Gcncral]y, the three

puncturing patterns give similar ll}~lts.

I Using  P u n c t u r e d  C o d e s  (]4,] I;j) I... Jr-r————————
--4IIIUL with punctured patterns————

bbbb Tbdbd ~ld

Ems=do:=mmm “- “-”-”-i

———.—––  -.-— ~ .–.–– —..—-
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‘1’able 4
1]1+;1/. of ]’uncturcd  Co]wolutiona]  Codes

Using Punctured Codes (14,1 /2)——-———————
~~~l~lt with l~uncturcd  vattcrlls

.~—––  L––. —

--—
0.9@0.0230  ~0.0243

—————
2~4.7c-05S5.4c  05

333;
0.4445
0.3625
0.2279-
0.0924

0.0226
0.0035
0.0004
3.5C-05

3.4 BER of Concatenated Code

OIICC wc obtain the 1]1’X from the Vitcrbi dccodcr,  wc cwl colnputc  the bi t-error

rate at t he  ou tpu t  o f  the llecd-Sololnon  dec(jdcr  assunlillg  in f in i t e  intcr]caving  using

expression given in [3,p256].  In the case of Calilco h!lissioll,  there arc 8 bits in a code

word 255 codewords in a frame, and the numbcl  of corrcctab]c errors is 16. ‘1’hc computed

IIlllt  at the output of the 1{S dccodcr s show] I in Tables 5 to 7.

Table 5-————
‘ - - - - -  ‘“- ‘- ~}11’l}t  Out~Jut  to ltS l)ccodcr

1 -1.5

F-1.0
-0.5

F0.5
1.0

I 1.5——

Using Punctured (;odc (1 4,1 /4) _A
lll~lt “input to RS dccodcr

E:

llltR output  of 1/.S dccodcr
0.421~ 0.4218——— —————
0.340F 0.3408———————_
0.2139 0.2139-—————
0.1021 0.1023—-————
0.0326 0.0194——————_
0.0070

.—— —
5.4 C-9

‘0.0013 2.3e-20—-—————
0.0002 1. IC-49
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Tab]c 6
]]~]i out])ut  of 1{S Dccodm

Using I’unctumd  Codes (1 4,1 /3)
L

Fl$b /No

-1.2494

+

-0,7494
-0.2494

L

I 0.2506

tmmr

0.3528 -

0.2320 ——-—————
0.1083
0.0342
0.0076
0.0012

~ .,, 1
— — —  . - — .

“-”=}lElt out]mt of }{S dccodcr
0.3528.-. ———
0.2320

“’’’’’”’l0.1083
0.0230

I

1 .8(2-8 I
‘ - - - - -  ‘“- -“-””~1 ,OC-20

I

Tab]c 7

c- -E:::z::::.o

BER Output of 1/.S l)ccodcr
Using Punctured (lode (14,1/2)

]$b /NO I)ER input  to RS dccodcr

-i”----”- :

—.——— -—
l]ER out]mt  of RS dccodcr.——

-1.0103 0.4389
———— .—. -

0.4389
-0.5103 0.3573 0,3573
-0.0103 0.2230

—.—— .-—
0,2230

0.4897 0.0924 0.0924
0.9897 0.0230 0.0029——--———— ———— .- .—. -
1.4897 0.0040 1.6c-12-————— ————
1.9897 0.0005 3.7e-27
2.4897 4.7e-05 1,6c-44—— --—

4 Example KJsing Galileo Profile

Wc usc the prcdictcd  SNR profile of the Galileo lrlissiol~  on November 9, 1997 as an

example to explain how the number of symbol-rate chal)gcs  can bc rcduccd  with code

rate changm.  11’or a given SNlt profile, for exan)p]c,  the O]]C shown in Fig. 2, the objcctivc

is to get tl]c  maximum data return under the conditions that  tllc bit-error rate is below

10-7,  ancl that the sylnbol  SNIL is maintained above -6 d]]  for the carrier, subcarricr,

and symbol loops

rate using a fixed

to track. q’o achicvc t his goal, the current plan is to change the symbol

code rate, 1 /4, and an alternate way is to allow code rate to change as

WC]], thus reducing the number of symbol-rate changes.
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Arraved Pt/No on 11 /9/97 frc)m Galileo

11

L——_ 1 –_.._ 4.–.—— —.. I

5 10 1 ~, 20 25
time (hc]urs)

Figure 2: Arrayed l)t/NO 011 11 /9/97 froln  Galileo.

Wc arbitrarily select a set  of three code  rates, namely  1 /4, 1 /3, and 1 /2. 7’llc variable

code rate can on] y take values from this set,. l~ig. 3 shows tllc symbol rates using fixed

ancl variable code rates. in the fixed-code-rat c case, there arc 9 symbol-rate cha]]gcs,

compared to 2 symbol-rat,c  changes in the variable code rate case. with these symbol

rates, each of the two systems will have the sy] nbo] SNI{ above -6 d}] as required, where

the variable-code-rate case has a slightly higher symbol SNI{ for most of the day. ‘1’hc

code rate changes arc show in l“ig. 5.

Multiplying the code rates by the symbol rates, wc obtain the bit rates as shown in

l’ig, 6 for the fixed and variable code-rate cases. The total data returns in the day arc

t}lc areas under the two curves in Fig. 6. ‘J’hc data rctur]] usi]lg the variable code-rate is

4.5075 M-bits, which is slightly higher than the 4.2921 M-bits using the fixed code rate.

5 Conclusions

in this paper wc have dcscribcd  a. si~nplc and low-cost ]ncthod  to change the data rate
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Symbol Rates on 11/9/97 for Galileo S–Band Mission
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l’igurc  3: Symbol li.atcs  on 11 /9/97
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for Galileo using  fixed and variable COCIC rates.

Symbol SNFI (dEl) on 11/9/97 from Galileo
1

-,. —–. --- -——.7. -... — ____  ,2

0

–2

S~

g ‘4

- 6

–8

- l o

—

.—

.—/

scdid line = punctured codes

dashed line = fixed code rate

dott-dashed Iino = 200 sym/sec
., ..,. clotted line = 1 CIO syrn/sec

,. ...’”’  . . . .

-+

F~

—–——--  .-k
,\-. ,’ ~---- \ . \l ,  ‘1\

xl .,’1 ‘ ‘- - -

~
/

—- / \l  1, / \
. .

i~__
/ ‘4

I/
IZ
i

.-. ,- . /\ ./
‘, ,/

“\ /

.—— —–L—  —  .–. —–

5 10 15 20

variable

2 5

code raics.

Time (t,ours)

Figure 4: Sy]nbo]  SN1l. on 11 /9/97 for Galileo using fixed and
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to match the time-varying lJt/A’o  environment. ~’his is done by puncturing the convolu-

tional  code  at the error-correction coding stage rather than by changing the symbol rate

at the transmissiol~  stage. ‘1’hc n~aill advantages of this n~ctl]od arc that it allows scanl-

lCSS tra~]sition  from one data rate to another and that for a fixccl  availab]c bandwid th

data rat,c is allowed to change for a larger data rct,urn. Wc applied this method to the

Galileo SNli profile on November 9, 1997 as al] example to dclnonstrate  its cflcctivcncss,

Wc sl]owcd IIow tl)is lncthod  rcduccs  the nulnbcr  of symbol rate changes from 9 to 2, and

gives a sligl)tly  larger data return in a day and higher sy]nbol  SNIL for most of t,hc day.

Notice that ill this example, wc arbitrarily picked 100 and 200 syn~bols/scc  as two

sy~nbo]  rates to bc used. We arc developing techniques to se]cct  the symbol rates that

will ]naximizc  the data return. ‘]’hc problcm  is formulated lJCIOW,

For a given SNll profi]c  #(i),  wc wish to fi~ld the syInlml  rate lt~y,,, (t) and the code
0

t~ra,tc ]?C(i) SUCII that the data return g]v~!n by j~l R$yr,? (i)lt,(i)di is maximum subject to

tllc following constraints:

1. the lnrmbcr  of chaugcs on symbol rate 1{ .~u~~ is ]CSS t]lau a desired l]ulnbcr,

3. tl]c  symbol SNli is above the millinmnl  value for the tracking loops to maintain

lock, l~$/NO > (E./lVO),.i~.
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